The fatigue properties in the Al-Mg-Mn alloy sheet subjected by the continuous cyclic bending (CCB) and annealing have been investigated. By the CCB and subsequent annealing, the gradient microstructure with coarse-grained surface layers and fine-grained central layer is produced in the sheet. The fatigue life of the CCBent and annealed sheet is 2-4 times longer than that of the as-received one. The existence of the coarse-grained surface layers makes the crack propagation rate lower by a factor of 1/2 to 1/3. The fatigue crack growth in the sheet consisting of such different microstructure layers is characterized by the fractography. Further, factors improving the fatigue properties are discussed.
Introduction
Influence of microstructure on fatigue is very complicated, and dependent on applied conditions and sort of material. In general the fatigue strength is corresponding to the static strength such as the tensile strength and the yield strength. Since the grain size dependence of the static strength is described by the well-known equation of Hall 1) and Petch, 2) finer-grained materials have higher static strength and higher fatigue strength. On the other hand, the near-threshold fatigue crack growth shows different dependence of the microstructure. It is also known that a threshold stress intensity factor exists for most engineering alloys. 3) Below this threshold, fatigue cracks either remain dormant or grow at undetectable rates. Most of experimental observations have indicated that the threshold increases in proportion to a square root of the characteristic microstructural dimension such as packet size and grain size. [3] [4] [5] [6] [7] [8] Therefore, the fine grain structure is advantageous in the suppression to fatigue crack initiation, while the coarse grain size is superior in the resistance of fatigue crack growth. 9, 10) Continuous cyclic bending (CCB) 11) has been proposed as a straining technique that can produce high strain in the surface layers and low strain in the central part of the metal sheet. This cyclic deformation straining technique leads to a definite difference in stored strain energy between the surface and central layers. Thus, the CCB and subsequent annealing has made it possible to produce the gradient microstructure with the coarse-grained surface layers and the fine-grained layer in the middle of the sheet of an Al-4.7 mass%Mg-0.7 mass%Mn alloy (A5083).
11) It was also found in the sheet that deformation and fracture at high temperatures reflected the different microstructural layers. 12) The sheet consisting of the coarse-grained surface and the fine-grained center layers is supposed to show both advantages in the suppression of the initiation and the resistance of the growth for fatigue crack. The purpose of the present study is to investigate whether the fatigue properties are improved in an Al-Mg-Mn alloy sheet subjected by the continuous cyclic bending and annealing. Further, the fatigue crack growth in the sheet consisting of different microstructure layers is characterized by the fractography with the optical and electron microscopes.
Experimental Procedure
An Al-Mg-Mn alloy sheet of 1.5 mm thick, whose chemical composition is listed in Table 1 , was supplied by Sky Aluminum Company, Japan. The as-received sheet was produced through an ordinary industrial process. The sheet had been manufactured by the process of casting, homogenizing at 803 K, hot rolling, cold rolling with a reduction of 75% and a final continuous annealing at 673 K. Workpiece was machined with a 500 mm length, a 20 mm width and a 1.5 mm thickness, and then subjected to CCB using a specially designed device 11, 13) up to the number of passes, N CCB ¼ 10 or 20. The CCB passes were carried out on both sides of the sheet alternately to keep the symmetry of straining. From the as-received sheet or the CCBent workpiece fatigue specimens were machined as shown in Fig. 1 . A part of these specimens were annealed at 673 K for 3.6 ks in a salt bath. The longitudinal direction (L) of the workpiece and the direction of tension/compression generated on the surface during the CCB and bending fatigue test mentioned below are parallel to the rolling direction of the as-received sheet.
In the previous study, 11) changes in microstructure during the CCB and annealing were described. Microstructure of the CCBent sample had high-density dislocations in transmission electron micrograph compared with the as-received one. After annealing a coarse-grained structure was observed in the surface layers. The thickness of the coarse-grained layers increased as annealing time or temperature increased. In the present study, we used samples annealed at 673 K for 3.6 ks Fig. 2 . Microstructure of the 20-pass CCBent sample is not shown because no difference in optical microscopy between with and without the CCB. The CCBent and annealed samples have thickness fractions of 16% and 46% 11) for both surface layers with coarse grains, which are called 10P A and 20P A, respectively below. Grain sizes were estimated as 50-100 mm and about 8 mm for the coarse-and fine-grained layers, respectively in both of 10P A and 20P A. The grain structure in the fine-grained layer of the samples is almost the same as that of the as-received sample, 0P, with a grain size of 7.9 mm. The mechanical properties of the samples used are listed in Table 2 .
Fatigue tests were performed in laboratory air at room temperature at a frequency of 25 Hz and a nominal stress ratio of À0:43 using a bend fatigue testing machine as illustrated in Fig. 3 . The test was conducted under the setting of the maximum and minimum deflections because it was difficult to set the same stress or strain condition in the surface layer for the four samples having different microstructures. For all the samples, the maximum stress was regarded as the value calculated for the elastic deformation region of the 20P, which was in the range from 155 to 207 MPa. The fatigue specimen has a small hole of 0.5 mm diameter at which fatigue crack initiated. The crack propagated in LT direction on a plane perpendicular to the L or rolling direction. Crack lengths were measured using a traveling microscope to an accuracy of 0.01 mm on the as-prepared surface of the specimen for the sake of maintaining the effects of the CCB and annealing. Optical and scanning electron microscopes (OM and SEM) were used to examine the fracture features.
Results and Discussion

S-N curves
The S-N curves showing maximum stress, max as a function of the number of cycles to failure, N f are plotted both on logarithmic scales for the as-received (0P), the samples. The 10P A and 20P A having the coarse-grained surface layers show 2-4 times longer in the fatigue life than the as-received 0P. Comparing the 10P A and 20P A, the latter is somewhat superior to the former. The life of the 20P is also larger than that of the 0P, which reflects the difference in the static strength (Table 2 ). In addition, compressive residual stress induced by the CCB affects the fatigue life also because of gradient plane strain state in the ST of the sheet.
14) The 20P life data is characterized by the strong dependence of the stress. Consequently it is found that the fatigue life is improved markedly by the CCB and annealing.
In order to discuss the reason why the fatigue life was prolonged, the cycles require separating into those of crack initiation and propagation. The number to crack initiation, N i is defined as that at the total crack length 2a of 1 mm, which includes the diameter of the small hole. Figures 5 and 6 display the S-N curves for the crack initiation, N i and the crack propagation, N f -N i , respectively. The similar tendencies in variation are found in the relation of max vs. N i (Fig. 5 ) to max vs. N f (Fig. 4) . On the other hand, the remarkable difference appears between the linear variations of N f -N i (Fig. 6 ) and N f (Fig. 4) . The change in the number of cycles for the crack propagation against the maximum stress except for the 0P exhibits a line with a steep slope in the figure. This observation indicates that the crack propagation is insensitive to the microstructure for the three samples of the 20P, 10P A and 20P A. Further, the significant analogy in the slopes of the lines, between the relations of max vs. N i (Fig. 5) and max vs. N f -N i (Fig. 6 ) should be noted for the 0P, 10P A and 20P A, since it means the constant fraction of number of cycles to the crack initiation to the total fatigue life. The average fractions of N i =N f are calculated to be 0.43, 0.48 and 0.48 for the 0P, 10P A and 20P A, respectively, which suggests that the existence of coarse grained layers suppress the initiation of the fatigue crack more strongly.
Crack propagation rate
The crack propagation rate is generally characterized in the linear elastic fracture mechanics by the stress intensity factor. A parameter of max ffiffiffiffiffi ffi a p is applied here instead of the stress intensity factor since the crack length in the ST direction is difficult to measure. The crack propagation rate da=dN is displayed against the parameter of max ffiffiffiffiffi ffi a p at low and high stresses in Fig. 7 . The vertical line in the figure shows the crack length a ¼ 1:5 mm corresponding to the early stage end of the crack growth. The da=dN of the 20P A is much smaller than that of 0P at low stresses ( Fig. 7(a) ), especially at a smaller value of max ffiffiffiffiffi ffi a p . The rate of the 10P A is fairly small though it is slightly large compared with that of the 20P A. Although the similar trend is observed in order of the da=dN at high stress level (Fig. 7(b) ), it is accompanied by the indistinct difference. Calculated geometric mean values of da=dN in the early stage of the crack growth are listed in Table 3 . It is evident from the table that the coarse-grained surface layer retarded the fatigue crack growth by a factor of 1/2 to 1/3, and moreover, the thicker layer affected it more strongly. Comparison of the 20P and 20P A reveals an interesting fact that the stored energy free structure is superior in the resistance of crack growth to the energy storing structure. Figure 8 demonstrates optical fractographs of the failed fatigue specimens showing crack propagation from edge of the central small hole. For all of the fractographs, the halfelliptical front traces of fatigue crack at failure are observed as the starting points of both sides of top and bottom of the hole. In the 10P A and 20P A, distinct rough features corresponding to the coarse-grained layers on the surface layers are found. In contrast to them, very smooth fracture surfaces are seen for the 0P and 20P. No difference is found between the two surfaces in the figures. Scanning electron micrographs in Fig. 9 characterize magnified images at points on the optical micrograph of the fracture surface of the 20P A (Fig. 8(d) ). The fracture surface in the coarse-grained layer indicates the comparatively large irregular morphology with fine wrinkles of 0.5-3 mm width in the early stage of crack propagation (Fig. 9(a) ). When the crack grew, a similar large irregularity in the coarse-grained layer is accompanied by parallel ridges of 3-8 mm width (Fig.  9(b) ), which are probably related to crystallographic orientations and can be called ''striation-like feature''. The width of the ridges is roughly corresponding to a crack propagation rate of about 2 mm near the failure. Figure 9 (c) presents vicinity of the border between the coarse-and fine-grained layers. The fine-grained side (bottom) demonstrates the angular uneven feature of 3-10 mm scale. In the late stage the angular feature becomes sharper (Fig. 9(d) ).
Fractography
Factors improving the fatigue properties
It is found that the fatigue properties such as the fatigue life and the crack propagation rate are improved significantly by the CCB and annealing. The reason of the improvement for the fatigue properties are discussed in this section.
As mentioned in the chapter of Introduction, it was reported that the fatigue crack growth threshold increases with the increment of the packet size or grain size. On the other hand, the average fractions of N i =N f for 10P A and 20P A were higher by 0.05 than that for the 0P. Then, the existence of the coarse grained layers seems to be more effective in the crack initiation than in the propagation. The initiation in the present study involves the propagation of the cracks shorter than about 0.25 mm since it was defined as the cycles when the total crack length 2a including the small hole diameter of 0.5 mm reached 1 mm. Thus, the influence on the propagation of the shorter cracks should be considered. The concept of reversed slip of dislocations within the plastic zone ahead of the crack tip 15) can be applied to the explanation of the grain size effect observed in the present study. Based on this concept, Lindigkeit et al. 4) explained the difference in crack propagation rates for small and large grain sizes as follows. Consider a situation where the plastic zone size at peak load should be somewhat smaller than the large grain size. Then, the dislocation pile-ups form ahead of the crack tip. The number of piled-up dislocations in a slip plane at the peak of the cycle depends on the pile-up length and on effective shear stress. During the unloading part of the cycle the back stress forces the dislocations to move in the opposite direction on the same slip plane. Consequently a certain number of dislocations will leave the slip plane at the crack tip and therefore crack advance will be reduced by this process. On the other hand, in the small grain size the high local stress concentrations at the head of the piled-up dislocations induce slip on secondary slip systems in the same grain as well as slip in neighboring grains. Upon unloading, the number of dislocations moving backwards decreases owing to being trapped within the neighboring grains and to the interaction between dislocations on the primary and the secondary slip systems. More grain boundaries within the plastic zone reduce the reversed dislocation movement thus leading to the enhancement of crack propagation. Effect of the coarse-grained layer on the crack propagation was also observed (Figs. 6, 7 and Table 3 ). The effect is probably related to fatigue crack closure. Comparison of the fractographs (Figs. 8 and 9) indicates that the coarse-grained layer exhibited marked surface irregularities, and then, the crack tip opening involved not only Mode I but also Mode II components. The deflected crack with the Mode II component has a slower growth rate in the direction perpendicular to the stress axis. Therefore, the crack propagation resistance can be attributed to roughness induced crack closure leading to the decrease in effective stress intensity.
Conclusions
In the present study, the fatigue properties have been investigated in the Al-Mg-Mn alloy sheet consisting of the coarse-grained surface and the fine-grained center layers. The fatigue life of the sheet was 2-4 times longer than that of the as-received one. The existence of the coarse-grained layers made the crack propagation rate lower by a factor of 1/2 to 1/3, especially in the early stage at the low stress level. Further, the fatigue crack growth in the sheet was also characterized by the optical and SEM fractography in the coarse-grained surface layers. Consequently, it has been found that the fatigue properties are improved in the sheet consisting of the coarse-grained surface and the fine-grained center layers.
